In spite of the limited sources of fossil fuels, energy demand has been considerably increased since the last century. The problems associated with global warming due to rising atmospheric greenhouse gas levels and scarcity of fossil fuels make it imperative to reduce our heavy dependency on fossil fuels. These reasons forced countries throughout the world to search for new fuel alternatives. Biofuel have gathered considerable attention due to their inherent benefits, like lower greenhouse gas emission, renewability, and sustainability. Commercially, biofuels are produced from vegetable oils, animal fats, and carbohydrates by using transesterification and fermentation. However, biofuel production suffers from high production costs and other technical barriers. Considering the environmental and economic issues, use of nanotechnology seems to be a viable solution. Nanoparticles have a number of interesting properties for the production of second-generation ethanol or transesterification of oils and fats to yield biodiesel. It is advantageous for recovery and reuse of catalysts. The present review discusses the role of nanotechnology in the production of bioethanol and biodiesel. Moreover, applications of nanoparticles for the production of biodiesel and second-generation ethanol with special reference to enzyme immobilization and chemical nano-catalysis have been described.
Introduction
It is widely known that the scarcity of fossil fuels is a huge problem worldwide. Moreover, various concerns regarding economics, environment, and energy security resulting from excessive dependence on petroleum and its limited availability are forcing countries throughout the world to search for alternatives in the form of biofuels, mainly bioethanol and biodiesel [1] [2] [3] [4] [5] .
The use of biofuels is gaining ground in many countries. For otto-cycle engines, ethanol, pure or in a mixture with gasoline, is an alternative successfully applied in countries like Brazil and USA. In Brazil, for example, biofuels are used in large scale and are favored by flex fuel vehicles, developed to use ethanol/gasoline mixtures in any proportion, including hydrous ethanol [6] . Biodiesel is another important alternative fuel, which is used in diesel engines due to its technical, environmental, and strategic advantages [7] . Moreover, biodiesel is technically sound petroleum-derived diesel fuel and requires virtually no changes in the fuel distribution infrastructure. Other advantages of biodiesel compared to petro-diesel include reduction of most exhaust emissions, biodegradability, higher flashpoint, inherent lubricity, and the fact that it can be of domestic nature [8] .
The production of biodiesel and bioethanol from feedstock is already in practice and is known as first-generation biofuels [9, 10] . These methods use large amounts of feedstock, mainly vegetable oils and animal fats, for the production of biodiesel and sucrose from sugarcane or starch from corn for the production of bioethanol [3] . However, productions of first-generation biofuels have certain limitations due to the common use of important feedstock like vegetable oils, animal fats, and corn. Therefore, new technologies are being developed for the production of biofuels using non-food feedstock, like wood wastes and agricultural residues [11] . Biofuels produced from such lignocellulosic biomass are called second-generation biofuels [12] . Another possibility to produce biofuels is the use of microbial biomass as a raw material, it is known as "third-generation of biofuels" [13, 14] .
Even though the new generation of biofuels have advantages, such as the high availability of agricultural and forest residues around the world, its production technologies also present many challenges, such as i) the cost for the production is high compared to the first-generation biofuels; ii) the existing infrastructure is not sufficient for the production process; iii) the production has many technological barriers, and therefore, more efforts are needed to develop the processes related to enzymes, pretreatment, and fermentation in order to make these more cost effective and energy efficient [15] .
Considering the need of research efforts for the evaluation of new technological alternatives, nanotechnology could offer meaningful solutions by changing the characteristics of feed materials and biocatalysts used for biofuel production. Nanotechnology is one of the most important research fields in modern science as it allows scientists, engineers, chemists, and physicians to work at molecular and cellular levels. The potential applications of nanobiotechnology for the production of sustainable bioenergy and biosensors have encouraged researchers in recent years to investigate novel nanoscaffolds for building robust nanobiocatalytic systems [16] . Nanoparticles show many unique characteristics compared to the bulk material as they are small enough to confine their electrons and produce quantum effects.
The research on application of nanoparticles in bioenergy and biofuels is currently under intense scientific study [16] [17] [18] [19] [20] [21] [22] . In this context, the review presents an overview on the role of nanotechnology for the production of bioethanol and biodiesel with a focus on enzyme immobilization and the use of nanocatalysts; the anticipated challenges related to human and environmental safety have also been discussed.
Nanoparticles with potential application in biofuel production

Magnetic nanoparticles
Magnetic nanoparticles (MNPs) have several applications in biotechnology, biomedical, material sciences, engineering, and environmental science. There are different types of magnetic nanostructures, which have been developed for use as catalysts. Many materials, such as cobalt, nickel, iron, platinum alloys and metal oxides, can be used to build particles as a catalyst [23, 24] . The synthesis of different kinds of MNPs has been the main focus of the research [25] . Characteristics of MNPs include their i) high surface-area-to-volume ratio, ii) quantum properties, and iii) ability to carry other compounds, such as drugs due to their small size. An additional advantage of MNPs over other NPs is that they can be utilized as a highly useful catalyst, making immobilized particles easily removable by the application of suitable magnetic fields, without exerting any toxic effect [26, 27] . MNPs possess a great potential for application in the fields of biofuel and bioenergy; for example, in the production of sugars and bioethanol from lignocellulosic materials through the immobilization of enzymes like cellulases and hemicellulases on these supports. These immobilized enzymes could be magnetically recovered and recycled for reuse [21] . In the absence of a magnetic field, MNPs get dispersed in the same manner as any other nanoparticles. MNPs are not only applicable as an enzyme immobilization support, as they can also be coated or used for attachment of other catalytically active nanomaterials, making them useful nanocatalysts for various applications. These nanocatalysts are promising and can be used for hydrogenation, photo-oxidation, and inductive heating by the application of a high-frequency magnetic field [28, 29] .
Magnetic nanoparticles are being used as carriers for enzymes, which will become easier for handling in the magnetic field. Moreover, experiments performed by many researchers like Cherian et al. [30] proved that immobilized enzymes have increased thermo-stability compared to free enzymes and are found to be stable at 70°C. Raita and coworkers [31] used magnetic nanoparticles for the immobilization of lipase enzyme and applied for biodiesel production from palm oil. Owing to immobilization, the biocatalyst exhibited high stability and catalytic activity. Additionally, immobilized enzyme could be separated by applying magnetic field to use for five successive batches with more than 80% activity.
Carbon nanotubes (CNTs)
Carbon nanotubes (CNTs) are produced by various methods, such as arc discharge, laser ablation, and chemical vapor deposition. These particles consist of graphite sheets rolled up into cylindrical shape, nanometric diameter, and excellent biocompatibility, making it a prominent particle for enzyme immobilization [32] . CNTs are important in catalysis because of their application in fuel cells and other electrocatalytical devices. Interestingly, among all nanomaterials, CNTs possess unique structural, mechanical, thermal, and biocompatible characteristics. In recent years, there has been much interest of researchers due to its potential biotechnological application in the fields of biosensor development and biofuel production through CNTs conjugated with enzymes [33] . Moreover, CNTs possess a large surface area, thus enabling high capacity of loading enzymes and low diffusion resistance. Recent studies have demonstrated that enzymes conjugated with carbon nanotubes enhanced the activity and stability [34] .
The efficiency of these nanomaterials can be improved through surface functionalization [35] . The functionalization of CNTs significantly alters catalytic activity of the immobilized enzyme, for example, immobilization of lipase on the functionalized MWNTs supports using a cross-linker glutaraldehyde. The free and MWNT-bound lipase was biochemically analyzed for ester hydrolysis in aqueous medium [36, 37] and compared to other materials like polymers, which affect the reaction by aging and alteration of their properties with time and ultimately results in increased levels of carboxylates, peroxides, and aldehydes [19] . Carbon nanotubes have the ability to attach to rooted active sites of enzymes for direct electron transfer. Also, scientists have been attracted to use CNTs in biofuel because of their 3D electro-active area, which increases the enzyme concentration and other redox compounds on its surface. Moreover, some exceptional properties of CNTs, like conductivity and porosity, made them very important material for immobilization of biomolecules for applications in biofuel and biosensor [38] .
Other nanoparticles applied in heterogeneous catalysis
Heterogeneous catalysis has been used in biofuel production. There are many advantages of such catalysis, such as easier separation and non-contamination of the obtained product with particles of the catalysts, which are commonly non-corrosive, environmentally friendly, and with high selectivity and long lifetimes [39] . For biofuel production, there are some studies using heterogeneous catalysts with the potential for both lignocellulosic biomass conversions in bioethanol or biodiesel production. Among these, some researchers introduced metal nanoparticles into porous materials or nanosized basic catalysts to deconstruct cellulose or to produce FAMEs -fatty acids methyl esters [39, 40] . The properties of inorganic nanoparticles used in heterogeneous catalysis are fundamental to their application, such as specific surface area, pore size, acidic strength, and acidic amount [41] . In this context, synthesis of mesoporous nanoparticles has been carried out through several techniques that allow good control of the particle's final morphology, size, uniformity, and dispersity, resulting in a fine tuning of material properties as desired [42] . Other promising possibilities include H-form zeolites, transitionmetal oxides, cation-exchange resins, supported solid acids, heteropoly compounds, and carbonaceous solid acid, as discussed in review by Guo et al. [43] . In another report, combined use of nanoparticles with ionic liquids (ILs) in heterogeneous systems for solid catalysis was used. ILs have been used to prepare and stabilize nanoparticles, which is important considering commonly observed thermodynamically unstable metal nanoparticles that must be stabilized in solution to prevent agglomeration [44] .
Nanotechnology applied to immobilization of biocatalysts
Poor stability of enzymes applied in enzymatic bioprocess can increase operational cost of large-scale industrial processes. Nanobiotechnology has the potential to solve these problems through the immobilization of enzymes in nanostructures, thereby improving their performance. Enzyme immobilization in nanoparticles is extremely useful, as it allows reusability, offer large surface area for greater loading of enzymes, and diminishes problems related to mass transfer resistance for substrates and products when compared to conventional enzymes. Most of the enzymeimmobilization techniques still rely on covalent attachment to the support, but other methods have been recently developed with success, such as nano-encapsulation, adsorption, and self-entrapment with silaffin [45, 46] .
Enzymatic hydrolysis and bioethanol production
Enzymatic process occurs under moderate conditions of temperature, pressure, and pH. It is also selective and specific, able to convert cellulose into glucose without the formation of toxic substances to microbial cells, which will be applied later in different steps of fermentation that follow the release of sugars. Enzymatic hydrolysis of cellulose and fermentation of released sugars can be carried out sequentially in a process called "separated hydrolysis and fermentation" or SHF, or simultaneously, in a process known as "simultaneous saccharification and fermentation" or SSF [47] . The application of cellulases for the hydrolysis of biomass is responsible for 18% of plant costs in the process of the production of second-generation ethanol from lignocellulosic biomass [47] . Thus, the study of alternatives to enable recovery and recycle of these biocatalysts, like immobilization, is an important approach for cost reduction in the process. Since the 1980s, various cellulase immobilization strategies have been proposed [48] . The main techniques for cellulase immobilization have been cross-linking, encapsulation, and adsorption or covalent binding onto insoluble, reversibly soluble, or soluble supports [22, 49, 50] . Each of these techniques has advantages and disadvantages related to toxicity, biodegradability, cost of materials and reagents used in immobilization, time spent, and complexity in the preparation and performance of biocatalysts [51] .
From 1960 onward, with the development of nanobiotechnology, studies on the immobilization of enzymes in MNPs are increasing, mainly in the pharmaceutical and medical market. However, this technology has also been applied for biofuel production, such as secondgeneration ethanol. The use of MNPs for the immobilization of cellulases has the following advantages: (i) it increases the reaction yield, as the composition and morphology of nanoparticles can be adjusted according to the required result in the hydrolysis; and (ii) it allows the immobilization in large scale without the use of synthetic surfactants and other toxic reagents [52] . Furthermore, nanoparticles have a unique property -superparamagnetism, dependent on the particle size and charge, and do not exhibit residual magnetism after removing the external magnetic field, enabling a quick and efficient separation, also ensuring the recycling of these enzymes [53] . This easy recovery is very important, allowing the design of batch processes, as schematically shown in Figure 1 , or even possibilities as continuous saccharification using systems as magnetic fluidized bed reactors.
Metal [54, 55] . Many methods including gas-phase deposition and electron beam lithography (e-beam lithography) [56, 57] , sol-gel synthesis deposition [58] , oxidation reactions [59] , chemical co-precipitation of hydroxides [60] , hydrothermal/solvothermal reactions [61, 62] , flow injection synthesis [63] , electrochemical method [64] , aerosol/vapor phase method [65, 66] , sonochemical decomposition reactions by effect of acoustic cavitation [67] , supercritical fluid method [68, 69] , synthesis with nanoreactors [70] , and biological (microbial) methods [71, 72] can be used for the synthesis of supports. The success of an enzymatic process with nanoparticles depend on the support used and its preparation method. For example, iron oxide nanoparticles are commonly used in biocatalyzed processes due to their small size, high specific surface area, high stability, low mass transfer resistance, low toxicity, and high biocompatibility [73] [74] [75] . Generally, they are obtained by co-precipitation at alkaline pH (9) (10) (11) (12) (13) (14) , in which the morphology and particle composition depends on the salt used (chloride, sulfate, or nitrate) and the molar ratio of Fe 2+ and Fe 3+ [76] , as schematically shown in Figure 2 .
The main problem of using magnetic nanoparticles in bioprocesses is their aggregation and high chemical reactivity. This issue can be solved with the right choice of a polymer to ensure mechanical and chemical stability and to introduce functionality to the material surface by modulating its binding specificity [52] . Recent studies show the immobilization of cellulases on nanoparticles, of low toxic metals such as iron oxides and titanium and coated with organic polymers.
The choice of a coating process is a critical step for enzyme immobilization as it aims to reduce or avoid the agglomeration phenomenon and ensure biocompatibility and biodegradability of nanoparticles [77] . The coating processes and functionalization are carried out by using surfactants and natural or synthetic polymers of organic nature (polysaccharides, polyacrylates, polyvinyl) or mixed (organosilanes or other metal-based oxide) functionalized with electrophilic groups such as R-NH 2 , R-OH, R-COOH, R-SH, which are necessary for the binding of enzymes [78] . However, functionalization can also be carried through the application of inorganic substances such as gold, SiO 2 , or carbon [73, 79] . Subsequently, when necessary, activation of functionalized supports is performed by inserting new electrophilic groups, which cause the support-enzyme coupling. Table 1 shows the main polymers, other materials, and activating agents used in the preparation of nanoparticles.
The binding of cellulases is carried out through covalent binding or physical adsorption. Jordan et al. used Fe 3 O 4 nanoparticles activated with carbodiimide for enzyme immobilization, which were applied in the hydrolysis of microcrystalline cellulose, obtaining a thermo-stable enzyme with maximum activity of 62.7 U/mg at 50°C able to be recycled six times [86] . In the second study, in which cellulases were immobilized by adsorption on TiO 2 nanoparticles, the authors reported a maximum enzymatic activity of 86.4 U/mg, but the enzyme was not thermally stable and lost 25% of its activity after the second cycle [20] .
Covalent binding of the enzyme in the support is the most viable method for industrial application of cellulases, as it involves high interaction of amino and/or carboxylic groups of the enzyme with the support, ensuring that the enzyme stays active for a greater number of cycles. The methods applied by Ahmad and Sardar for enzyme immobilization is schematized in Figure 3 as the model proposed by Gao and Kyratzis [86] . Immobilization by covalent binding can also occur via interaction of the carbohydrate side chains of the enzyme with the applied support [87] . The immobilization technique through adsorption involves only intermolecular interactions (weak bonds -forces of London/Van der Waals, dipole-dipole interactions, and hydrogen binding), causing weak links between enzyme and support and reducing, thus, the number of recycles that the enzyme can be active. Table 2 reports studies with cellulase immobilized on magnetic nanoparticles, the methodology used and the main results obtained. Nanomaterials have also been applied to immobilize separated enzymes of cellulolytic complex. Among them, β-glucosidase presents the ability to reduce product inhibition by cellobiose in cellulase enzymatic system for ethanol production by converting cellobiose into glucose. Hence, Lee et al. have immobilized this enzyme by covalent binding in nanofibers and also by coating this immobilized system by crosslinking additional enzyme Figure 3: Possible mechanism for MNP activation using carbodiimides [78, 86] . Table 1 : Surfactants, polymers and other functional materials and the activating agents used in the preparation of nanoparticles [73, [78] [79] [80] [81] [82] [83] [84] [85] .
Substances used for nanoparticle functionalization Surfactants
Oleic acid, lauric acid, alkylsulfonic acids, and alkylphosphonic acids , at least three times than the sum of individual yield. The immobilized cellulose maintained 40% activity even after four cycles of reuse [94] Recombinant cellulase from Trichoderma reesei Immobilization on an activated magnetic support by covalent binding via glutaraldehyde activation method The K M values obtained for the free enzyme was 0.87 mg/ml and 2.6 mg/ml for the immobilized. The immobilized enzyme retained 50% enzyme activity up to five cycles, with thermostability at 80°C, superior to that of the free enzyme. Optimum hydrolysis of carboxymethyl cellulose with free and immobilized enzymes was 88% and 81%, respectively [25] molecules on its surface [17] . The use of crosslink to coat an immobilized system has resulted in an increase of enzyme activity of approximately 36-fold, compared to the use of the system obtained only by the covalent binding technique, and also increases about threefold the stability, resulting in an immobilized enzyme able to keep 91% of the activity even after 20 days of incubation under vigorous shaking conditions. This study also concluded that the eventual success of this approach could be pursued by using cheaper materials as hosts for enzyme immobilization. Besides cellulases, other lignocellulolytic enzymes are important for second-generation ethanol production and were also immobilized in MNPs. Table 3 shows the type of enzymes and respective nanoparticles on which they immobilized for ethanol or other bio-based products. The immobilization of hemicellulases is an important alternative with the potential for the utilization of hemicellulosic fraction of biomass for the production of secondgeneration bioethanol or other bio-based products, which could contribute to biorefinery economic viability. Hemicellulases are enzymes able to hydrolyze hemicellulose,
R-OH+R-NH-R Divinylsulfone
R-NH 2 +R-COOH Carbodiimines
Enzyme
Immobilization condition Main results References
Recombinant cellulose (co-immobilization of endoglucanase, exoglucanase, and b-glucosidase) Immobilization on AuNP (gold nanoparticles) and Au-MSNP (gold-doped magnetic silica nanoparticles). The cystein residues of the enzyme were added to their C terminal to strongly co-immobilize these cellulases The enzymes co-immobilized on AuNP and Au-MSNP exhibited higher pH stabilities than the free enzymes. Similar results were also observed for enzymatic activity on CMC [carboxymethylcellulose] and filter paper. The co-immobilized enzymes were reused up to seven times. In the case of AuNP@ cellulases, almost 60% of their activity was retained after seven cycles. In contrast, the activity of Au-MSNP@cellulases was kept at almost 90% after seven times [95] a Microbial source non specified in the reference. Besides, other known ethanol-producing microorganisms could be genetically modified to enable the utilization of pentoses from hemicellulosic fraction [105] . Instead of enzyme immobilization, another alternative is the application of nanostructured materials to immobilize whole cells. Viable whole cells are able to synthesize all necessary enzymes and cofactors [106] , and the types of nano supports used to immobilize these biocatalysts in nanoporous materials are many, such as various sol-gel oxide ceramics [107] , silica sol-gel [108] , silica glasses [109] , and nanoporous latexes [104, 110] . It was reported that the nanoporous latex could solve some limitations of others nanosupports like improved biocompatibility, minimal diffusion resistance, higher biocatalyst loading, long-term stability, and tunable control of the nanopore structure ( < 50 nm) [110] . These advantages could be useful in the biotechnological processes using microorganisms for biofuel production.
Lipases for biodiesel production
There are several methods used for biodiesel production, such as transesterification, pyrolysis or cracking, and micro-emulsion. Among them, triglyceride transesterification of ethanol or methanol in the presence of a chemical or biological catalyst is the most common method used for the biodiesel production [111, 112] . The use of a biological catalyst or an enzyme like lipase for transesterification seems to be a promising alternative compared to chemical catalysis, in spite of a high reaction rate in chemical catalysis [113, 114] . This is mainly because enzymatic processes can avoid product contamination, favor an easier glycerol recovery, and be more resistant to interferences of free fatty acid and water associated with chemical catalysis, although commercialization of lipase-catalyzed biodiesel production is limited due to the cost of the enzyme. Enzyme immobilization can be crucial for the development of effective and economically viable enzyme-based technologies for biodiesel production. This process can solve several issues related to the use of enzymes in biodiesel production, such as the reusability of the enzyme and its stabilization, contamination issues, and it establishes an effective control over reaction parameters. It also allows the design of continuous process and enzyme recovery, localized enzyme substrate interaction, helps to overcome effluent problems, and makes material handling convenient [16] .
Recently, even whole-cell immobilization of fungi and bacteria has been used for continuous production of biodiesel. Adachi et al. [115] reported on the whole-cell immobilization of recombinant Aspergillus oryzae expressing Candida antarctica lipase B gene (r-CALB), which presented higher esterification activity and was developed for the production of biodiesel [115] . In a more recent work, Carvalho et al. [116] evaluated the performance, in batch and continuous runs, of whole cells of Mucor circinelloides URM 4182 immobilized in polyurethane foam particles for ethanolysis of different vegetable oils.
Enzyme immobilization for biodiesel production consists of two important components: lipase and support. Lipases from bacteria and fungi are easy to be produced in bulk amounts due to their extracellular nature [117] . Commonly used lipases from bacteria and fungi include nonspecific lipases (Candida antarctica, Candida cylindracea, Candida rugosa, Pseudomonas cepacia, and Pseudomonas fluorescens) or specific lipases (Rhizopus oryzae, Rhizopus delemar, Rhizomucor miehei, Thermomyces lanuginosus, and Aspergillus niger) for biodiesel production [112, 118] . Apart from the source of lipase, suitable supports also play an important role in immobilization and are expected to be low cost, and at the same time, they provide adequate large surface area. The immobilization of lipase onto nanomaterials has the potential to improve the economic viability of biodiesel production. Activated nanomaterial supports offer larger surface area and strong cross-linking by covalent linkage [119] .
Considering simplistic and fast separation of immobilized enzyme from the reaction mixture, magnetic nanoparticles (MNPs) are routinely used as carrier for enzyme immobilization [100] . Lipase immobilization on MNPs by covalent binding was found to be effective as other immobilization methods can reduce stability after repeated applications [34] . Besides reusability, lipase-MNP-immobilized systems are advantageous due to its thermostability, operational stability, and effective control of reaction parameters, thus, reducing the production cost. In another work, Xie and Wang reported the magnetic chitosan microsphere synthesis by chemical coprecipitation approach and activation using glutaraldehyde for lipase immobilization. Glutaraldehyde-activated magnetic chitosan microspheres were coupled with lipase by covalent bonds [120] .
By using core-shell nanoparticles with magnetic properties, Tran et al. produced immobilized systems with lipase from an isolated strain of Burkholderia sp. C20 [18] . These core shell nanoparticles were synthesized by coating Fe 3 O 4 core with silica shell and used for biodiesel production. Moreover, these nanoparticles immobilized with lipase were used to catalyze the transesterification of olive oil with methanol to produce fatty acid methyl esters (FAMEs), attaining a conversion of over 90% within 30 h. The immobilized lipase was used for 10 cycles without significant loss in its transesterification activity. The authors suggested that this approach used for lipase immobilization has great potential in industrial transesterification reaction for biodiesel production.
There are two types of chemical catalysis: homogeneous and heterogeneous catalysis. In the former, the reactants are in the same phase of the reaction mixture, with greater interaction between them allowing greater yields and high catalytic activity. Although broadly applicable in many fields, homogeneous catalysis also has a series of problems, such as the loss of catalyst, product contamination, and consequent purification issues. Heterogeneous catalysis, with reactants and catalysts in different phases of the reaction mixture is a prominent solution for this problem, as it allows an easy separation after the reaction is complete. The main issue with heterogeneous chemical catalysis is that the active sites of the catalysts are not as easily accessible as in a homogeneous system, reducing, thus, the activity of the system.
Chemical nanocatalysts
The application of chemical nanocatalysts may be the solution that bridges the gap between homogeneous and heterogeneous catalysis, preserving desirable attributes from both systems: they can be easily recovered after the chemical reaction, as they are present in a different phase, while their use reduces problems related to accessibility issues, as they are small enough to be readily dispersible in the reaction mixture [121, 122] . Among many applications of these nanocatalysts, biofuel production is the most promising and has been the main focus of studies in the recent years.
Solid acid catalysts in bioethanol production
The use of solid catalysts can be an interesting alternative to overcome one of the biggest challenges in second-generation bioethanol production -the release of fermentable sugars from the lignocellulosic material. The most common catalysts used for the hydrolysis of cellulose into glucose are cellulases and homogeneous acids, but these technologies have some problems, such as high cost, low efficiency and long reaction time, and reactor corrosion, waste treatment, and poor recyclability, respectively [123] . Therefore, the search for new catalysts has been increasing lately, and many studies are considering solid acid catalysts as a good alternative for the hydrolysis of cellulose into glucose [123] [124] [125] .
Solid acid-mediated hydrolysis is one of the possibilities reported in recent literature for the conversion of biomass into fermentable sugars for the production of biofuels. It is reported as a process with advantages, such as efficient activity, high selectivity, long catalyst life, and ease in recovery and recycle, presenting great potential for efficient and environmentally friendly replacement of many conventional liquid acid used in hydrolysis and pretreatment [43] .
The concept of solid acid catalyst includes the use of solid particles, which can donate protons or accept electrons during reactions. These particles present a catalytic function because of their acidic center, present mainly on their surface. However, some catalytic systems have low efficiency, high-energy consumption, and generation of by-products. In this context, solubilized biomass (in ionic liquids, e.g.) and nanocatalysts can be used to improve many aspects of solid acid catalysis [43] . The advantage of the use of monodispersed nanoparticles in a solution is that it has the characteristics of a fluid solution, with easier access to the oxygen atom in the ether linkage of cellulose [126] .
There are different types of solid acid catalysts such as metal oxides, functionalized silica, acid resins, supported metals, H-form zeolites, heteropoly acids, magnetic acids, immobilized ionic liquids, carbonaceous acids, and hydrotalcite nanoparticles [123] . The use of these solid catalysts for cellulose hydrolysis has been reported in recent literature, with some of them presenting good glucose and cello-oligomer yields ( Table 4 ). The use of solid catalysts for biomass hydrolysis aiming at bioethanol production on a practical scale depends on the type of catalyst (sufficient catalytic activity), the appropriate reactor design, and the preparation of biomass. Among the types of solid catalysts, magnetic acid nanoparticles are a promising alternative, as they have the potential to facilitate magnetic separation and can be easily recycled. According to Guo et al., innovation and breakthroughs in hydrolysis efficiency is a key for commercialization of solid acid catalysts [43] .
Other different applications could be explored using nanocatalysts aiming to improve the production of bioethanol from biomass in other ways, for example, at the detoxification step. It has been already known that some processes applied for biomass pretreatment and hydrolysis end up releasing a series of toxic compounds, such as phenolic compounds, hydroxymethylfurfural, and furfural. These compounds are inhibitors for the fermentation to bioethanol production, so a detoxification step is required to remove these inhibitory compounds, leading to an increasing of the fermentation ability of hydrolysates [150] . The use of nanoparticle catalysts for the photocatalytic degradation of phenol was reported using TiO 2 [151] . This technique has not been applied, so far, in the degradation of phenolic compounds formed as byproducts in lignocellulosic hydrolyzates, and thus, it could be an alternative to be applied as a method to improve bioethanol production. As previously stated, hemicellulosic fraction can represent a great percentage of the carbohydrates present in lignocellulosic biomass, and therefore, its hydrolysis can be useful to release fermentable sugars to be converted into bioethanol by microorganisms [3, 9] . In a recent work, Zhong et al. [152] suggested a promising approach with the use of acid nanocatalyst to hydrolyze the hemicellulosic fraction of wheat straw. The authors were able to produce a solid acid nanocatalyst (SO 4 -2 /Fe 2 O 3 ) able to specifically hydrolyze hemicellulose, while maintaining the other fractions intact. The authors were able to achieve a hydrolysis yield of 63.5% in optimum conditions determined by response surface methodology [152] .
Solid acid catalysts in biodiesel production
Homogeneous catalysts for transesterification, such as NaOH and KOH, act in the same liquid phase as the reaction mixture. Although homogeneous catalysis is the main technique currently applied for biodiesel production, mainly because of short reaction times and low cost of reagents, a series of issues are also found in this process, such as difficult to recover the catalyst, soap formation, and problems in the following downstream process [122, 153] . Heterogeneous transesterification with nanocatalysts is a promising alternative for the production of biodiesel, as it is considered a green process, which also allows an easy recovery and recycles the catalysts, can produce high yields of esters, and facilitates the following downstream processing [154] . There have been many successful attempts to obtain stable and adequate nanocatalysts for biodiesel production recently, as described below. The main types of solid catalysts related in the literature for biodiesel production are carbonaceous acids, oxides, functionalized silica, and supported metals.
The use of carbonaceous acids has been reported as an alternative to the substitution of sulfuric acid for the esterification of higher fatty acids for biodiesel production [155] . According to the authors, this catalyst, consisting of stable sulfonated amorphous carbon, presents high performance, is recyclable, and its activity markedly exceeds that of other solid acid catalysts tested for biodiesel production. Besides, the activity of this solid sulfonated carbon catalyst is more than half of liquid sulfuric acid catalyst, being a promising alternative for esterification of fatty acids for the production of biodiesel.
The nanocatalyst ZrO 2 loaded with C 4 H 4 O 6 HK was to catalyze the transesterification of soybean oil with methanol to biodiesel [156] . The best conditions reported in this work were a yield of 98.03% of biodiesel when the ratio of methanol to oil is 16:1, a concentration of the catalyst of 6.0%, and a temperature of 60°C for 2 h were applied. Mixed oxide nanocatalysts have been applied in transesterification reaction [157] . The synthesis of mixed oxides of TiO 2 -ZnO and ZnO using glycerol-nitrate combustion route was carried out and were applied as a nanocatalyst for biodiesel production [157] . These authors also compared the catalytic performance of both metal oxide nanocatalysts and reported that TiO 2 -ZnO showed good catalytic activities, with a 92.2% of FAME conversion achieved in 5 h at 60°C [157] . From these observations, it is clear that TiO 2 -ZnO mixed oxide catalyst demonstrated better catalytic performance than ZnO catalyst and therefore, can be used as a potential candidate for the large-scale production of biodiesel.
Heyou and Yanping developed a nano-solid based catalyst, i.e. K 2 O/γ-Al 2 O 3 , applying it for biodiesel synthesis by transesterification of rapeseed oil with methanol [158] . The transmission electron microscopy (TEM) analysis confirmed that the size of the catalyst was about 50 nm. Furthermore, it was reported that a yield of about 94% in biodiesel production could be achieved by using 3% of catalyst when the transesterification was carried out using methanol to oil in the ratio of 12:1 at 70°C and a reaction time of 3 h. However, in another study, there was a report of 96% biodiesel yield applying KF/γ-Al 2 O 3 / honeycomb ceramic (HC) monolithic catalyst from palm oil. This yield was achieved when the methanol:oil ratio was 18:1 at 140°C with a reaction time of 33 min [159] .
Bimodal mesoporous-macroporous materials are inorganic substances, which present dual meso-and macroporous structure distribution, being able to combine the good diffusion properties of macropores with advantages of high specific surface areas of mesopores [160] . Among many known applications, these particles are an emerging alternative for biodiesel catalysis [161] . Witoon et al. [162] demonstrated that (CuO)-loaded porous materials play a significant role as catalysts in transesterification. They used bimodal meso-macroporous silica-supported CaO to allow the entry of bulky triglycerides through the pores of calcium oxide. Furthermore, the effects of CaO content and catalyst on the yield of FAME were investigated. It was reported that its strength increases with the increment of CaO content. The CaO-loaded bimodal porous silica catalyst with the pellet size of 325 μm achieved a high FAME yield of 94.15 in the first cycle and retained an excellent yield of 88.87% after five consecutive cycles.
Concerns about the use of nanotechnology in large-scale processes: considerations about human and environmental safety
Could nanosized particles represent a potential danger to human health or the environment? This question frequently arises, and there are several public concerns about this issue, indicating that studies in this field must be carried out, mainly when the use of nanotechnology is applied to large-scale processes, such as biofuel production. As nanoparticles have been widely applied in many fields due to their unique properties, their human and environmental exposure effects are expected to rise. With that in mind, a new branch of nanotoxicology has emerged in the recent years, with the main focus on the effects of nanoparticles for human health and its environmental dangers. It is proposed that the main causes of toxicity of nanoparticles in humans are regarded to their unique properties, which also make them useful. For instance, nanoparticle surface, which may act as a nanocatalyst can also cause oxidative reactions, and as they are small enough to enter human cells, these reactions can generate many cytotoxic effects on various human tissues. Moreover, most nanoparticles are composed of metals, which are already known to be extremely toxic to some organs and easily bioaccumulated by the human body [163] . The main exposure of human to nanoparticles is through inhalation, ingestion, or dermal contact [164] . After entering the bloodstream through any of the aforesaid routes, nanoparticles can reach any organ in the human body causing toxic effects, which are highly dependent on their concentration, size, and also the activity level of the respective organ.
Owing to the high metabolic rate of the kidney, lungs and liver, these organs are generally at a higher risk to interact with any material entering into the body including nanoparticles. Therefore, it is imperative to study the hazardous effect of the nanoparticles on such organs in animal models. As reported in a study of Muller et al. for instance, multiwall carbon nanotubes, after being administered intra-tracheally at the dose of 0.5, 2, or 5 mg to Sprague-Dawley rats, caused inflammatory and fibrotic reactions in the lungs [165] . In addition, the authors reported that CNTs were able to agglomerate into the lungs and surrounding tissues to form collagen-rich granulomas protruding in the bronchial lumen and alveolitis. Furthermore, at the cellular level, CNTs induce TNF-α in macrophages, indicating that these particles present high inflammatory properties when administered. In another study, Tong et al. reported that an acid functionalized single-walled carbon nanotube (AF-SWCNT), after being administered to mice through oropharyngeal aspiration at a dose of 10 or 40 μg, has caused the development of sporadic clumps of particles [166] . Also, the patches of cellular infiltration and edema in both small airways and interstitium were observed at higher doses. The study of Shukla et al. showed that the coating of iron oxide nanoparticles with chitosan nanoparticles can reduce its toxicity in various human cell lines [167] .
Concerning the hazardous effects of TiO 2 nanoparticles, Wistar rats suffered subacute and intraperitoneal exposure to these particles, resulting in pathological changes in the liver, increased platelet count, and mild inflammation. It has also been found that titanium was bio-accumulated in the liver, lungs, and brain of exposed rats, causing neurobehavioural changes in the animals and, also, organ injuries [168] . Regarding environmental concerns of TiO 2 nanoparticles, Kwon et al. [169] reported the exposure of a freshwater invertebrate, to these particles, showing that they are able to penetrate into its digestive tract. In some cases, these particles caused significant damage to the microvilli and gut epithelial cells, affecting the morphology of the test subject.
Environmental toxicity of nanoparticles is not yet fully understood. The main concern derives from the fact that these particles can be easily accumulated by organisms in the food chain, causing major cellular damage as they are small enough to interact with biomolecules, such as proteins, lipids, and DNA [163, 170] . The ecotoxicity of nanoparticles must be further studied in animal models, generating a better understanding of the precise damage that these particles can cause and also the real danger of particle accumulation. Such studies will play a defining role in preventing or reducing the toxic effects of the nanoparticles to both humans exposed and the ecosystem as a whole. There should be concerns about not only the benefits of these extremely useful particles but also their deleterious effects, mainly when applying these particles in large-scale processes such as biofuel production. The understanding of these negative effects can help researchers to propose new ways to reduce them, maintaining a balance between their application and the safety of the environment potentially exposed to these nanoparticles.
Conclusions
Scarcity of fossil fuels is a huge problem worldwide. Their limited nature and issues like pollution and hazardous effects to the environment arise due to their excessive application in many fields, forcing countries throughout the world to search for new alternatives such as biofuels. In the present scenario, exploring energy alternatives in the form of biofuels, namely, ethanol and biodiesel, is among the top priorities. Hence, biofuel is considered the future fuel, and nanotechnology has interesting contributions to enable the production of next-generation biofuels. Various nanocatalysts like magnetic nanoparticles, carbon nanotubes, metal oxide nanoparticles, engineered nanomaterials, etc., are promising to become an integral part of sustainable bioenergy production. The approach of using enzymes immobilized in nanoparticles is a pathbreaking research in the field of biofuel production, favoring reuse or allowing continuous use of cellulases, lipases, and other biocatalysts, including whole-cell systems. The possibility of using nanosupports for biocatalysts can be a key technique to economic feasibility of different processes, which have been studied nowadays, with low interference of nanosized particles in catalytic activity or even enhance it. In addition, nanocatalysts can be used to chemically catalyze depolymerization of cellulose or transesterification of oils and fats with high efficiency. Despite their advantages, there are concerns about excessive and uncontrolled use of such nanomaterials, which could exert negative effects on the human health and environment. These concerns have stimulated studies to determine the safety measures required in order to limit the exposure to nanoparticles or to overcome problems related to human and the environment.
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